Abstract--The identification and quantification of the water associated with powdered clinoptilolite and clinoptilolite-bearing tufts were made using thermogravimetric, vacuum gravimetric, and differential scanning calorimetric techniques. Inflection points on thermogravimetric curves at approximately 80 ~ and 170~ correspond to changes in the proportions of externally adsorbed water to loosely bound zeolitic water and loosely bound zeolitic water to tightly bound zeolitic water, respectively. These three types of water can be differentiated by temperatures and heats of dehydration obtained from differential scanning calorimetry. These temperatures and heats of hydration are 75 _+ 10~ and 59.2 _ 5.9 kJ/mole H20, 171 _+ 2~ and 58.7 _+ 6.1 kJ/mole H20, and 271 +_ 4~ and 78.7 _+ 7.0 kJ/mole HzO for external water, loosely bound water, and tightly bound water, respectively. The ratio of loosely bound zeolitic water to tightly bound zeolitic water determined in this study is similar to that reported in the literature from structural determinations, indicating that the desorption properties of clinoptilolite are determined by the specific positions of the water molecules in the structure.
INTRODUCTION
The water content of natural zeolites and rocks containing zeolites has been a subject of interest and controversy for many years. The dehydration and rehydration of zeolites have been studied extensively, and the presence of several types of water has been confirmed. However, little effort has been made to quantify the various types of water associated with these materials. The classification of water as H20-and H20+ is commonly used in reporting chemical compositions of rocks and minerals, and although these designations have been employed in earlier studies of zeolites (Foster, 1965; Shepard and Starkey, 1966; Breger et al., 1970; Alietti, 1972) , they are not suitable for use with these minerals in general, and with heulandite group minerals in particular (Van Reenwiijk, 1974) . Due to the uncertainty concerning the types and amounts of water of each type in heulandite-group minerals, many investigators have avoided quantifying the types of water and have reported only total water (AIberti, 1975; Boles, 1972; Hawkins, 1974; Wise et al., 1969) .
Numerous studies of the dehydration of heulandite have been published (Milligan and Weiser, 1937; Merkle and Slaughter, 1968; Mason and Sand, 1960; Mumpton, 1960; Koizumi, 1953 Koizumi, , 1958 , but comparatively few have been concerned with clinoptilolite. In 1960, Mumpton reviewed the literature on clinoptilolite and established the mineral's identity as a silica and alkalirich member of the heulandite group. He pointed out the utility of thermal analysis in differentiating between heulandite and clinoptilolite, which are structurally similar and have almost identical X-ray powder diffraction patterns. In his study of the dehydration of clinoptilolite using differential thermal analysis (DTA), Mumpton reported that aside from a broad endothermic peak between 0 ~ and 400~ the zeolite exhibited no thermal reactions up to 1000~ Thermal gravimetric analysis (TGA) showed no noticeable breaks in the weight-loss curve.
Since Mumpton's work, numerous compositional studies of clinoptilolite have been made (e.g., Sheppard, 1971; Minato and Utada, 1971; Wise et al., 1969; Boles, 1972; Alietti, 1972; Hawkins, 1974; Alberti, 1975) ; however, only a few have investigated the dehydration and water content of this zeolite (e.g., Shepard and Starkey, 1966; Breger et al., 1970; Van Reenwiijk, 1974; Alietti et al., 1975) . In their infrared study of water in heulandite and clinoptilolite, Breger et al. (1970) found that "loosely held" water (HzO-) is lost rapidly up to 125~ and then more gradually to 185~ A sharp break in the dehydration curve at this temperature was interpreted as the onset of the loss of"tightly bound" water (HzO+). Based on these results, they reported new values for the amount of "tightly held" water in heulandite and clinoptilolite.
Van Reenwiijk (1974) , in his study of the thermal dehydration of natural zeolites, used the values for the entropy of water in zeolites to identify at least three types of water that can be present: (i) crystal water or low entropy water (standard entropy = 30-47 J/mole/ deg), (2) "loosely bound" water with high entropy (standard entropy = 58-63 J/mole/deg), and (3) zeolitic or high entropy water (standard entropy = 58-72 J/ mole/deg). Recently, Alberti et al. (1975) investigated the thermal behavior of clinoptilolite by means of DTA, TGA, and derivative thermogravimetry (DTG) and reported that the zeolite exhibited strong thermal dehydration centered around 130~ and weaker dehydration effects around 400~ No attempt was made, however, to quantify the corresponding types of water evolved.
The present study was initiated to determine the nature, amount, and effects of adsorbed water on samples of zeolitic tufts from the U.S. Department of Energy's Nevada Test Site (McKague et al., 1976) . The density of powdered samples of rock (grain density) from proposed sites of underground nuclear tests is commonly used along with water content and bulk density to calculate porosity, saturation, and gas-filled porosity. The latter parameters are important in site evaluation. Moisture absorbed from the atmosphere affects the measured grain density of zeolite-bearing rocks. Because of the interest in the Test Site rocks, much of the initial work of this study was carried out on zeolitic tuffs, rather than on purified samples of clinoptilolite. Although past studies of clinoptilolite identified various types of associated water, quantitative information concerning these types was either incomplete or missing altogether. The purpose of the present investigation was therefore to investigate the thermal and vacuum dehydration of clinoptilolite-rich tuffs, and to identify and quantify the types of water present.
EXPERIMENTAL METHODS

Samples and sample preparation
The following samples were examined: (1-2) clinoptilolite-bearing tufts from the Tertiary Grouse Canyon Member of the Belted Range Formation, U.S. Department of Energy's (DOE) Nevada Test Site (NTS); (3-9) clinoptilolite-bearing tufts from the Tunnel Beds Tuff, Nevada Test Site; (10) clinoptilolite-rich tuff from the Upper Cretaceous Pierre Shale, Buffalo County, South Dakota; (l l) clinoptilolite-rich tuff from Castle Creek, Idaho; and (12) clinoptilolite-rich tuff from Hector, California. All samples were crushed, pulverized, and sieved through a l l5-mesh Tyler standard screen. For X-ray powder diffraction and thermal analyses, each sample was reduced further in size (passed through a 325-mesh Tyler screen) using a Perkin-Elmer electromechanical vibrator (Wig-L-Bug).
X-ray powder diffraction (XRD) analysis
Semiquantitative XRD analysis of the clinoptilolitebearing tuffs was performed utilizing a Norelco X-ray diffractometer, CuKa radiation, and a graphite monochromator. Each sample was first scanned at 2~ from 2 ~ to 55~ and then at 0.5~ one degree on either side of pertinent peaks. In addition, standards were made using weight-percent mixtures of the minerals (clinoptilolite from Hector, California, and montmorillonite from Belle Fourche, South Dakota) sought plus quartz. These analyses utilized a modified peakheight method for estimating intensities.
Thermogravimetric analysis (TGA)
Thermogravimetric analysis was conducted using a DuPont 950 Thermogravimetric Analyzer; mass and temperature data were monitored and recorded by a D-112 Digital Computer Control Unit and plotted on a Houston Instruments Model DP-1-5 Complot Recorder. With the exception of isothermal runs, 50-70-mg samples were heated at a rate of 2~ under nitrogen atmosphere (0.04 liter/min) and under vacuum (1.07 • 102 to 1.3 • l02 Pa). Isothermal runs using 1-10-g samples were made on the equipment described in the following paragraph. For each TGA run, plots of percent weight loss vs. temperature and of weight loss vs. temperature were obtained. Boundaries between linear portions of TGA curves were determined by intersecting their straight line extensions and dropping vertical lines to the curve at the points of intersection.' The intersections of these lines were used to determine both the amount of the three types of water present and the transition temperatures between them.
Vacuum gravimetric analysis (VGA) was also performed on 1-10-g samples using a Cahn Model RH auto-electro balance mounted inside a vacuum chamber. A variety of vacuum base pressures (26.7 • 102, 0.3 • 102, 50 .0, and 10.0 Pa) were obtained by using different vacuum pumps of varying pumping speeds as well as by introducing calibrated leaks into the system. Pressure in the vacuum chamber was monitored with a mercury manometer and a thermocouple vacuum gage while temperature was maintained between 25 ~ and 30~ for all VGA runs. Percent weight loss vs. time was recorded on a Hewlett-Packard 7100B strip chart recorder.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry was carried out on a DuPont 900 Differential Thermal Analyzer. Various temperature ranges between -100 ~ and 625~ were scanned with heating rates of 10 ~ and 20~ With the exception of a few runs under vacuum (4.0 x 103 Pa), all analyses were made using a dynamic (0.25 liter/ min) nitrogen atmosphere. For each DSC run, a plot of heat flow (J/s) vs. temperature (~ was obtained. DSC curves were resolved using a DuPont 310 Curve Re-' Refer to Figure 1 in the following section on thermogravimetric analysis. sample was heated under vacuum at a rate of 2~ (dashed lines are extensions of linear portions of the curve which contain the inflection points of transitions).
solver. Asymmetric Gaussian peaks fit the data best, and the asymmetry held constant for all resolutions.
RESULTS AND DISCUSSION
Sample mineralogy
The mineralogical composition of the zeolitic tufts as determined by XRD methods is shown in Table 1 . The samples can be divided into two groups: clinoptilolitepoor samples (samples 1-9) containing 45-65% clinoptilolite and clinoptilolite-rich samples (samples 10-12) containing about 90-95% clinoptilolite. Prior to quantifying the types of water associated with the tufts, the contribution to the water content by minor components of the rocks was evaluated. Quartz, cristobalite, and alkali feldspars are essentially water-free, and hence their contribution to the dehydration results should be negligible. Glass, opal, montmorillonite, and illite contain significant amounts of water, and their presence could affect DTA and differential scanning calorimetry (DSC) results significantly (Grim, 1968) . However, these minerals are present in only minor amounts in most of the samples examined, and no correlation was found between the amounts of these components present and the amounts of water desorbed. Also, no thermal effects which could be attributed to these phases were found. Qualitatively, the TGA and DSC curves of the clinoptilolite-poor tufts and the clinoptilolite-rich tufts are similar (allowing for the amount of clinoptilolite present). Hence, the nature and amounts of water desorbed from the samples are dominated by the amount of clinoptilolite component in the sample.
Thermal gravimetric analysis
Several clinoptilolite-bearing tuffs were examined by TGA using the procedures outlined by Knowlton and McKague (1976) . A typical TGA curve for a sample heated under vacuum is shown in Figure 1 . The dashed lines are extensions of linear portions of the curve which contain the inflection points of transitions. The low temperature portion (<50~ of the curve represents desorption of water from the surface of the grains in the powdered sample. The middle portion, between 50 ~ and 200~ represents desorption of"loosely bound zeolite" water (Breger et al., 1970; Alietti et al., 1975) . The high temperature portion, from 200 ~ to 700~ represents the slow desorption of water from the clinoptilolite component of the sample. This water is referred to as "tightly bound zeolite" water and is the same as the slowly desorbing water found by Breger et al. (1970) and Alietti et al. (1975) . From 700 ~ to 950~ the weight for all samples except for sample 12 was constant within the precision of the measurements (_ 5 ~g).
Van Reenwiijk (1974 , Table 5 .2) reported three endothermic DTA peaks for clinoptilolite. Based on his calculated entropy values, two of these peaks can be attributed to his "loosely bound" water and the third to his "zeolitic" water. Van Reenwiijk also argued that the "loosely bound" water (H20-) in zeolites is adsorbed internally, based on the fact that some zeolites do not contain this type of water, the shapes of his adsorption isotherms, and his observation that phase transformations sometimes accompany the loss of this water. The fact that some zeolites do not contain this type of water may be due to the nature of the surface of the sample, this surface being merely an internal structure which has been exposed. Hence, surface water may sorb at temperatures with enthalpy changes comparable to those of "zeolitic" or "high entropy" Water.
While the adsorption isotherm results clearly indicate that some of the water associated with zeolites which disappears under normal drying conditions is adsorbed internally, we fail to see how the techniqt, 
400
Isothermal gravimetric analysis for sample 2. In curve 1, the sample chamber was evacuated at 25~ to a constant mass for 360 min, at which time a 2~ program was started. In curve 2, the sample chamber was evacuated as before. After 64 min, the sample was heated rapidly to 170~ and held at that temperature.
can distinquish between the two. Phase transformations associated with the loss of"loosely bound" water may be a thermal effect rather than a dehydration effect. Even so, if the surface undergoes a phase transformation along with the internal structure, one might expect a loss of surface water with such a change. The water designated here as "external" is probably the same as the "loosely bound" water of Van Reenwiijk (I 974). Alietti et al. (1975) noted that the "loosely held zeolite" water in clinoptilolite produces a broad temperature effect centered at 130~ and that this peak, in some samples, can obscure the effect resulting from the loss of "tightly bound zeolite" water at 400~ This observation, plus differences in experimental procedure, (heating rate, atmosphere over the sample, preparation of the sample, type of technique employed) can produce the differences of results observed in the literature (Wendlandt, 1974) . For example, the thermal gravimetric analyses of the present study were carried out under a vacuum as well as in a dry nitrogen atmosphere. In the nitrogen atmosphere, the "external" water could still be distinguished from the total zeolite water, but it was extremely difficult to determine the amounts of "loosely bound zeolite" water and "tightly bound zeolite" water. Also, the temperature ranges over which the waters desorbed were about 50~ higher under the nitrogen atmosphere than under vacuum. However, the average amounts of "external" water and total waters obtained in a nitrogen atmosphere agreed with those obtained under vacuum to within 0.1%.
According to Nicholson (1967) and Guenot and Manoli (1969) , a vacuum generally decreases dehydration temperatures and increases the rate of dehydration reactions. These effects are consistent with the present observations and explain why it is necessary to perform TGA under vacuum to distinguish "loosely bound" from "tightly bound zeolite" water. The TGA results in Table 2 represent those obtained under vacuum.
Support for our interpretation of the thermogravimetric curves comes from isothermal gravimetric analysis. Typical results are shown in Figure 2 for sample 2. In curve 1, the sample chamber was evacuated at 25~ for 360 rain at which time a 2~ program was started. The sample lost 4.8% water rapidly in the first 60 min, and then another 0.1% in the next 240 rain. From 300 to 360 min, the sample weight was constant within the precision of the measurement (___5/xg). The relative weight loss of 4.9% agrees with that in Figure 1 (4.7% percent for this sample). There appears to be a clear differentiation between "external" and "zeolite" water. Note at 410 rain the break in the curve denoting the transition from desorption of "loosely bound zeolite" water to desorption of"tightly bound zeolite" water. Here also, the weight loss at this point is in good agreement with the corresponding point in Figure 1 . In Figure 2 , curve 2, the sample chamber was evacuated as before. After 64 min, the sample was heated rapidly to 170~ and held at that temperature. A constant weight loss of 8.9% after 300 min corresponds quite closely to the weight loss of 8.8% at 420 min in curve I and the 8.5% in Figure 1 . Thus, the 170~ temperature was sufficient to desorb the "loosely bound zeolite" water but not the "tightly bound zeolite" water. These observations support the existence of three different types of water in powdered clinoptilolite samples: "external" water, "loosely bound zeolite" water, and "tightly bound zeolite" water.
The relative weight losses for the clinoptilolite-bearing tufts, analyzed as in Figure 1 , are listed in Table 1 . The total water for samples 10, I1, and 12 can be used to check the validity of the TGA results by comparing them with literature data. The total water of the clino-ptitolite from Hector, California (sample 12) of 12.8% is very close to the 12.73% value obtained by Boles (1972) . It should be noted that sample 12 lost an additional 2% of its weight over a small temperature range beginning at 825~ None of the other samples exhibited a similar high temperature weight loss; their masses were virtually constant from 700 ~ to 1000~
The value of total water for sample 10 (from the Upper Cretaceous Pierre Shale) of 13.9% is close to the 13.57% obtained by Shepard and Starkey (1966) . However, on the basis of IR results they noted that the clinoptilolite from Pierre Shale still contained 4.5% water at 800~ This is contrary to the results of Breger et al. (1970) who used the same technique, and to the present gravimetric results which indicate that all samples were completely dehydrated by 700~ An average of 13.9 _+ i .0% total water was obtained for samples 10-12, close to the average of 13.36 _+ 1.82% for these samples reported by Boles (1972) . Thus, TGA appears to be an accurate method for the determination of the types of water associated with clinoptilolite.
The relative amounts of "external" water exhibited no correlation with the composition of the samples. This result, along with the temperature range over which this water desorbs, suggests that this water is adsorbed at or very near the surface of the samples. The amounts of "external" water reported here are significantly lower than the values of H~O-reported in the literature, which Foster (1965) interpreted as "external" water. The procedure used to determine H~O-(the amount of water lost after 24 hr at 110~ causes desorption of some "loosely bound zeolite" water. Isothermal gravimetric analyses were carried out from 25 ~ to 110~ in air and at various pressures from 1.3 Pa to 2.7 kPa to measure "external" water. Heating at 85~ in air for 2 hr or at 25~ at 120 Pa for 60 rain was sufficient to remove only the "external" water.
The relative amounts of "loosely and tightly bound zeolite" water are listed in Table 2 . The two kinds of "zeolite" water are distinguished by their desorption temperatures. The assumption that the "zeolite" water in Table 2 is desorbed from the clinoptilolite component of the sample is supported by the observation that the amounts of total "zeolite" water correlate with the percent zeolite determined by XRD analyses (Table 1) . Good agreement exists, except for samples 5-7 which show slightly greater amounts of total "zeolite" water. A plot of total "zeolite" water vs. percent clinoptilolite excluding samples 5-7 yielded a straight line with a coefficient of determination, r z, of 0.922. Clearly, the minor components of the samples did not contribute significantly to the determination of the amounts of total "zeolite" water.
Differential scanning calorimetry
Two approaches were used to analyze the DSC curves. The first method included pretreatment of the Temperat ure (~ Figure 3 . Differential scanning calorimetry curves for sample 2. Curve a is the DSC curve for the untreated sample. Curve b is the DSC curve for the sample which was stored in a vacuum desiccator for 24 hr at 25~ and 6.7 • 10 -1 Pa prior to obtaining the curve. Curve c is the DSC curve for the sample which was treated at 170~ under vacuum for 2 hr prior to obtaining the curve. Peak heights vary due to differences in sample masses.
sample by heating it statically to a desired temperature for a desired period of time to make it similar to that in the isothermal TGA runs; the second method employed a curve resolver to separate the DSC curves into their component peaks. Desorption of the three types of water observed by TGA should have yielded three endothermic DSC peaks. However, the broadness of the peaks for the "external" and the "loosely bound zeolite" waters, along with the relatively small amount of "tightly bound zeolite" water, all but obscured the small peak attributed to the latter. Therefore, to assign peaks unambiguously to all three types of water, the samples were pretreated before recording the DSC curves.
Typical results of these curves are shown in Figure  3 for sample 2. The curve for the untreated sample (curve a) exhibits a large, broad peak with a maximum heat flow (dH/dt)max at 65~ a smaller, broad peak with a (dH/dt)ma x at 150~ and a very broad, small peak with a (dH/dt)ma~ at 250~ The low-, middle-, and high-temperature peaks correspond to desorption of"externar' water, "loosely bound zeolite" water, and "tightly bound zeolite" water, respectively. The same sample was then evacuated to constant weight at 25 ~ and 170~ (curves b and c) before recording the respective DSC curves. Curve b indicates that most of the "external" water has been removed, and that the" loosely bound" and "tightly bound zeolite" waters remain, causing a peak near 200~ and a very broad peak at higher temperatures. In curve c only the "tightly bound zeolite" water remains with a peak near 250~ The peak heights vary due to differences in sample masses. These observations support the TGA results discussed above:
(1) no significant desorption of water occurs above Temperature (~ Figure 4 . Curve-resolved DSC curve for sample 2. Curve a is for an untreated sample. Curve b is the resolved peak resulting from desorption of adsorbed water. Curve c is the resolved peak resulting from desorption of loosely bound zeolite water. Curve d is the resolved peak resulting from desorption of tightly bound zeolite water.
Clays and Clay Minerals
500~ and (2) three types of water that desorb at increasingly higher temperatures exist in clinoptilolite. Because pretreating the samples cannot completely resolve the three different types of water, curve resolution was utilized for this purpose. It was found that an asymmetric Gaussian peak shape gave the best fit. The curves could be fit with only three component peaks. A typical resolved curve for sample 2, with baseline drift subtracted, is shown in Figure 4 . Curves b, c, and d have maximum heat flow at 65 ~ 165 ~ and 275~ respectively, which agrees favorably with the heat-flow temperatures from the pretreated sample (Figure 3) .
Thermodynamics of dehydration
Heat of dehydration per mole of water was calculated using the equation
where K is an experimentally determined constant, A is the peak area obtained by numerical integration of digitized DSC curves, and M is the number of moles of desorbing water molecules associated with the component peak. If the change in the heat capacity for the dehydration is zero 2 (ACp -0), then
where &H~ is the standard heat of dehydration. The standard free energy for an isothermal process at equilibrium a for some temperature T is given by
For details of the following theory and justifications for the assumptions, see Van Reenwiijk (1974) , Fisher and Zen (1971), and Zen (1971) .
3 The dehydration and rehydration of the samples occurred at very nearly the same rate with little or no hysteresis. Hence, under our experimental conditions, the samples are close to equilibrium. i Temperature in ~ of (dH/dt)max. Standard heat of dehydration in kJ/mol H20 (--+ 10%). 3 Standard entropy of adsorbed water in J/k-mole H20 (-10%).
where AS ~ is the standard entropy. Given that the isothermal process is the desorption of water to an ideal gas,
where R is the gas constant and P is the vapor pressure of the gas. Combining Eqs. (3) and (4),
Because the present experiments were performed at ambient pressure, which is very near 1 atmosphere and thus satisfies the conditions of inhibited diffusion (Morie et al., 1972) , the vapor pressure of water above the sample is equal to the total pressure, and AS~ = AH~
Assuming that AS~ is due solely to the evaporation of water, the entropy of water in the zeolite is estimated by S~ = S~ -AS~ (7) where S~ is the standard entropy of water vapor at 100~ and is taken to be 188.8 J/deg. The temperatures and heats of dehydration along with the entropies of the water in the zeolite for samples 2, 10, and 11 are listed in Table 3 . Our heats of dehydration for the "external" water are somewhat higher than those reported by Van Reenwiijk (1974) , probably due to errors in determining a baseline for calculation of peak areas. This is especially true for the determination of the baselines of fully hydrated samples, which desorb water over most of the temperature range studied. From Eqs. (6) and (7), the present S~ values will be correspondingly lower than those of Van Reenwiijk.
The heats of dehydration for "loosely bound zeolite" water for samples 2 and 10 are within experimental error (_+ 10%) of those reported previously. The agreement is much closer here because it was much easier to determine the baseline in DSC curves of partially dehydrated samples. For sample 11, the AH~ value of "loosely bound zeolite" water is unusually low while that of"tightly bound zeolite" water is unusually high. These values may be the result of improper resolution of their component peaks because of overlapping subtle difference between the two types of water. Our S~ values for the "loosely bound zeolite" water are close to those of Van Reenwiijk (1974) .
The present AS~ values are also low, indicating that inhibited diffusion conditions were not satisfied. The negative value of S~ of"tightly bound zeolite" water for sample 11 is the result of the anomalously high heat of dehydration for this water. These results can not be explained at this time. In general, the present method of determining heats of dehydration appears to be accurate, given that an accurate baseline can be determined, Accurate values of S~ can probably be determined once the conditions of inhibited diffusion are met. Van Reenwiijk's (1974) penetration method gives somewhat more precise thermodynamic parameters and does not require knowledge of the amounts of water involved. The thermodynamic results indicate that the three kinds of water in clinoptilolite that desorb at different temperatures can also be distinguished by their heats of dehydration.
Structural aspects of dehydration
Based on the structure of heulandite, Merkle and Slaughter (1%8) proposed that the dehydration of heulandite could be explained in terms of cation-to-water bond distances; water molecules far away from the cation desorb at low temperatures, while molecules close to the cation desorb at higher temperatures. However, Merkle and Slaughter failed to consider bonding of a water molecule to more than one species and the effect of the framework charge. Although a relation between the cation-water distance and the bond energy is apparent, it is complex, and a simple mechanism of desorption based on it is tenuous at best. Barrer and Cram (1971) showed that heats of immersion are linearly and strongly dependent on the framework charge (aluminum content), and that this effect is independent of the framework structure. DSC studies on A and X zeolites have shown a correlation between heats and temperatures of dehydration and the size of the cavities within the framework, but not on the cations present (Vucelic et al., 1973 (Vucelic et al., , 1974 .
It is apparent that the degree to which a water molecule is bound is dependent on binding to both cations and framework oxygens. Because of the tendency of water to coordinate tetrahedrally, the total number of such bonds to a water molecule is expressed as the number of near neighbors (n). The actual number of bonds and their energies are dependent on the geometry of the water molecules' environment. Two other structural factors yield information on the binding of water molecules: occupancies (a) and thermal parameters (/3). Higher occupancies of water molecules indicate stronger bonding, excluding forbidden pairs. Lower thermal parameters indicate stronger bonding. The pa- Table 4 . Number of metal ion and framework oxygen near neighbors (n) and binding parameters (BP) for the water molecules in clinoptilolite. Koyama and Takeuchi (1977) Alberti ( 
The binding parameter has no strict physical interpretation other than that higher BPs indicate tighter binding. However, combining n, a, and /3 in this manner serves to amplify subtle differences between water molecules. The number of near neighbors and BPs of water molecules in three clinoptilolites are presented in Table 4 . For the Kuruma and Agoura clinoptilolites studied by Koyama and Takeuchi (1977) , the water molecules can be divided into two groups: those with BPs > 0.4 [H20(3) and H20(4)] and those with BPs < 0.4. Assuming that these two groups represent "tightly bound'" and "loosely bound zeolite" water, respectively, the ratio of "loosely bound zeolite" water to "tightly bound zeolite" water can be estimated as follows: a(l) + a(2) + a(5) + c~(6) + a (7) ct(3) + ct(4)
The results are ratios of 1.6 and 1.4 for the clinoptilolites from Kuruma and Agoura, respectively. For the Agoura and Alpe di Siusi clinoptilolites studied by AIberti (1975) , H20 (7) was not observed. Koyama and Takeuchi (1977) were unable to confirm the presence of this water molecule which may explain why it was overlooked in Alberti's study. Applying Koyama and Takeuchi's results for HzO(7) to the clinoptilolites studied by Alberti, the ratio of "loosely bound zeolite" water to "tightly bound zeolite" water is 1.6 for both clinoptilolites. These ratios compare reasonably well with the lower limit (1.3) of the ratio calculated from TGA results (Table 2), considering the empirical nature of the calculations for the structural ratios. Considering the positions of the water molecules in the structure of clinoptilolite (Koyama and Takeuchi, 1977) , the "tightly bound" H~O(3) and H20(4) molecules are in the eight-member channels parallel to the z-axis (the eight-member channels parallel to the x-axis normally do not contain water), and the "loosely bound" water molecules are in the larger ten-member channels. This is consistent with the results of Vucelic et al. (1973 Vucelic et al. ( , 1974 and suggests that the nature of water in clinoptilolite is predominantly dependent on the interactions of the water molecules with the framework.
